Abstract-The spatial and temporal invariance of Soil Moisture and Ocean Salinity (SMOS) forward model parameters for soil moisture retrieval was assessed at 1-km resolution on a diurnal basis with data from the National Airborne Field Experiment 2006. The approach used was to apply the SMOS default parameters uniformly over 27 1-km validation pixels, retrieve soil moisture from the airborne observations, and then to interpret the differences between airborne and ground estimates in terms of land use, parameter variability, and sensing depth. For pastures (17 pixels) and nonirrigated crops (5 pixels), the root mean square error (rmse) was 0.03 volumetric (vol./vol.) soil moisture with a bias of 0.004 vol./vol. For pixels dominated by irrigated crops (5 pixels), the rmse was 0.10 vol./vol., and the bias was −0.09 vol./vol. The correlation coefficient between bias in irrigated areas and the 1-km field soil moisture variability was found to be 0.73, which suggests either 1) an increase of the soil dielectric roughness (up to about one) associated with small-scale heterogeneity of soil moisture or/and 2) a difference in sensing depth between an L-band radiometer and the in situ measurements, combined with a strong vertical gradient of soil moisture in the top 6 cm of the soil.
I. INTRODUCTION
T HE SOIL Moisture and Ocean Salinity (SMOS) [1] retrieval algorithm for soil moisture is based on an L-band emission (forward) model calibrated for different soil and vegetation classes [2] , [3] . The main parameters involved in the model are the near-surface soil moisture, soil texture, soil surface roughness, soil effective temperature, and vegetation optical depth. In the SMOS level 2 processor [4] , brightness temperature is simulated at a 1-4-km resolution by the forward model (land use and land cover are assumed to be uniform at 1-4-km resolution), aggregated to the SMOS observation scale (∼40 km), and then compared with the SMOS observed brightness temperature. The angular and polarization capabilities of the SMOS antenna will allow retrieval of several additional parameters (e.g., vegetation optical depth and soil roughness). However, the performance of multiparameter retrieval approaches [5] depends on how well the parameters bounds are estimated, i.e., a priori knowledge of minimum and maximum values. Retrieval assumes that the parameters are rather stable at 1-4-km resolution. However, few experiments have provided multiple angle and polarization L-band data at the intermediate resolution of ∼1 km to verify this assumption. One objective of the National Airborne Field Experiment 2006 (NAFE'06) was to map L-band brightness temperature at 1-km resolution over a range of surface conditions including grassland (pasture and fallow), dry land cropping (wheat, barley, and oats) and irrigated cropping (wheat, alfalfa, canola, rice, and corn) [6] . During NAFE'06, ground measurements of the 0-6-cm soil moisture were made coincident with 1-km resolution flights on ten days during the three-week campaign that included two rainfall events of about 7 and 13 mm. NAFE'06 provided a unique data set to test the spatial invariance of retrieval parameters over various land uses, vegetation covers, and surface conditions at 1-km resolution. The approach used was to apply SMOS default parameters uniformly over 27 1-km validation pixels, retrieve surface soil moisture from the airborne observations, and then to interpret differences between airborne and ground estimates in terms of land use, parameter variability, and sensing depth.
II. L-BAND EMISSION MODEL
The SMOS forward model is based on the L-band Microwave Emission of the Biosphere (L-MEB) model described in [2] . It includes the tau-omega formulation [7] to express the polarized (H or V) brightness temperature as a function of incidence angle, soil effective temperature, soil emissivity, and nadir optical depth (τ ) and single-scattering albedo (ω) of the canopy. The soil microwave emissivity is calculated using the incidence angle, the Fresnel equations, and the soil dielectric permittivity that is computed using the Dobson model [8] and ancillary soil texture. The soil roughness is accounted for using the approach described in [9] , which is based on two best fit parameters H and Q. The nadir optical depth τ is related to vegetation water content (VWC) by τ = b × VWC [10] with b a coefficient that is generally obtained from field measurements. In this letter, only the H-polarization (and H-polarized parameters) will be considered.
Since the main objective of this letter is to assess the stability of SMOS forward model parameters at a 1-km resolution, the SMOS default parameters were used. The soil effective temperature was computed based on the parameterization of [11] using soil temperature in the 0-5-cm soil layer, deep soil temperature (50 cm), and the default parameter values presented in [2] . The effects of temperature gradients within the 1545-598X/$26.00 © 2009 IEEE canopy were assumed to be minimal by assuming the vegetation temperature throughout the canopy is equal to the near-surface soil temperature. The soil roughness parameter H was set to 0.1 and the polarization-mixing parameter Q to 0 [2] . The b parameter was set to a value 0.15, which is representative of most agricultural crops [10] , and the single scattering albedo ω to 0.05 [2] . Water interception in vegetation was assumed to be negligible. Note that one pixel included 20% of rice under flood irrigation. The contribution of standing water was removed from the total emission by simulating the L-band emission over water as a function of surface water temperature and incidence angle [12] .
III. DATA NAFE'06 was undertaken during three weeks in November 2006 over a 40 by 60 km area in southeastern Australia (−34.9
• N; 146.1 • E). In this letter, the study area is composed of 27 1-km resolution pixels included in three farms noted as Y2, Y9, and Y12. Land use and land cover are listed in Table I . Within each 1-km area, the 0-6-cm soil moisture was measured on a 250-m resolution grid using a Hydraprobe. An average of three successive measurements ∼1 m apart was made at each node of the sampling grid, resulting in about 50 measurements within each 1-km pixel. Note that the calibration equation that was applied to all measurements is site specific [13] . Concurrently with ground observations, the H-and V-polarized brightness temperature was measured at 1- 309, 311, 313, 320, and 322 and in the window 11:00 A.M.-1:30 P.M. on JD 317 and 318. The same flight lines were kept across the campaign to obtain approximately the same incidence angle over each pixel. Note that changes in aircraft attitude were accounted for during processing by correcting the zero tilt and roll incidence angle of the six beams (which are ±7
• , ±21.5 • , ±38.5 • ) with respect to the topography. Details about PLMR and its calibration can be found in [14] . Some minor occurrences of sunglint were detected in the NAFE'06 area, but not over the sampling areas [15] .
To compare ground and airborne observations, the pointscale soil moisture measurements were averaged at 1-km resolution within each of the 27 validation pixels. The along track 1-km resolution radiometric measurements (together with incidence angle) were also averaged within each 1-km pixel. Note that the mean number of PLMR acquisitions along a 1-km run was about 30 (with a time step of about 1.5 s and an aircraft speed of 200 km/h). During the three-week experiment, the mean soil moisture ranged from about 0.05 to 0.20 vol./vol. corresponding to a mean brightness temperature of 270 and 220 K, respectively (see Table II ).
VWC was estimated from MODIS/Terra 1-km resolution eight-day LAI products on JD 297, 305, 313, and 312 using the relationship VWC = 0.5 LAI [16] . VWC maps were then linearly interpolated between dates and regridded on the same 1-km grid as processed PLMR brightness temperature. The relationship between VWC and LAI during NAFE'06 is shown in Fig. 1(a) using ground observations obtained during the campaign. The slope 0.5 appears to hold for all vegetation types encountered except for corn, which has a slope of about three. However, there was very little corn in the study area. The time series of MODIS LAI for grazing and cropping pixels is shown in Fig. 1(b) . At 1-km resolution, LAI ranged from 0.4 to 0.8 and generally decreased by about 0.1 during the three-week experiment.
To compute effective soil temperature, near-surface soil temperature was estimated by the MODIS/Terra 1-km resolution daily temperature on clear sky days (JD 304, 309, 311, 313, 318, 320, and 322) and by the average of the 12 (six stations distributed in the study area with two replicates per station) simultaneous −1-cm soil temperature measurements on cloudy days (JD 306, 308, and 317). Note that the mean ground soil temperature was extracted for each pixel at the time of aircraft overflight (ranging from 8:30 A.M. to 12:30 A.M.). Table II presents the time series of the mean and standard deviation of near-surface soil temperature. Soil temperature at 50-cm depth was also estimated from permanent monitoring stations in the study region.
Soil texture was analyzed for 12 0-5-cm soil samples collected in the study area. The mean and standard deviation of sand and clay fractions were estimated as 0.26 ± 0.10 and 0.27 ± 0.11, respectively. The highest measured sand fraction was 0.59 (with a clay fraction of 0.11) and the highest clay fraction was 0.49 (with a sand fraction of 0.11). In this letter, the sand and clay fractions are assumed to be uniform and set to 0.3.
Soil surface roughness was measured with a pin profiler at five locations within each farm. As the link between the measured geometrical roughness and H parameter is not well known [2] , those measurements were not used in this letter.
IV. RETRIEVAL RESULTS
Airborne soil moisture was retrieved by minimizing a cost function. This cost function is defined as the root mean square difference between the H-polarized brightness temperature modeled by the radiative transfer model and that observed by the aircraft. All parameters were uniformly set to the values presented above, i.e., soil moisture was the only free parameter in the minimization. The V-polarized brightness temperature was not included in the cost function to simplify the interpretation of retrieval results due to the uncertainty of polarization dependence on the parameters (e.g., roughness). Note that the retrieval was done at the 1-km resolution and the effects of mixed surface in the 1-km resolution footprint were not accounted for except in the presence of standing water. Fig. 2 compares the 1-km field soil moisture average (cross) and variability (whisker) with the soil moisture retrieval for farms Y2, Y9, and Y12. The 1-km field variability of soil moisture was computed as the standard deviation of the ground measurements within the 1-km PLMR pixel. In most cases, the difference between ground measurements and airborne estimates was smaller than the 1-km field variability (see Table I ). However, a significant bias was apparent for the five irrigated pixels (labeled Y9g, Y12a,d,e,g), although only one pixel (Y9g) contained a measurable fraction (20%) of standing water. Table I lists for each of the 27 validation pixels the root The bias observed for the airborne soil moisture estimates in the five irrigated pixels could be explained by several factors: the spatial variability of soil texture, soil roughness and/or vegetation. First, soil texture (i.e., sand and clay fractions) impacts the modeled soil emissivity, which in turn impacts the retrieved soil moisture. However, when using the parameters of the soil with the highest measured sand fraction and then those with the highest measured clay fraction in the retrieval algorithm (results not shown), the root mean square difference between the two output data sets was only 0.027 vol./vol., which is much smaller than the observed bias (0.09 vol./vol.).
Soil geometric roughness impacts the slope of the relationship between soil moisture retrievals and ground measurements. In order to assess the variability of soil geometric roughness at 1-km resolution, we examined the slope of the linear regression between airborne and ground estimates (Table I ). The slope is 0.87 ± 0.21 for grazing pixels, 0.56 ± 0.13 for dry land cropping pixels, and 0.65 ± 0.20 for irrigated cropping pixels. The difference in the slopes between the grazing and cropping classes was associated with an increase in roughness with agricultural practices in cropped fields (e.g., plowing, irrigation rows, etc.). However, no significant difference in the slopes was observed between the irrigated and nonirrigated areas. Consequently, soil geometric roughness is not considered to be the main cause of the bias observed in the irrigated pixels.
The last factor considered was vegetation. The different effects (attenuation, scattering and emission) of vegetation at L-band generally result in an increase of the surface emission. An increase of vegetation optical depth would thus make the soil moisture retrieval lower. However, vegetation cannot explain a 0.09 vol./vol. decrease in retrieved soil moisture because vegetation cover was relatively low at 1-km resolution (LAI ranged from 0.4 to 0.8). Moreover, the b parameter was fixed in the higher range for crops (0.05-0.20), which already maximizes the vegetation impact on the modeled brightness temperature. As an illustration, the irrigated canola in Y12e was harvested during the middle of the campaign, but harvesting did not remove the bias on retrievals (see Fig. 2 ).
If none of the parameters of the L-band emission model can provide an obvious explanation of the bias found for the airborne estimates, then one may argue that perhaps the ground sensor calibration is not valid in irrigated areas. Four out of the five irrigated pixels are located in the most clayey farm Y12, and it is known that clay fraction can potentially increase the ground sensor response [13] . However, soil type was similar at the farm scale, and no significant bias was observed for the five nonirrigated pixels of Y12 (see Fig. 2 ). Consequently, the calibration of the ground sensor, which mainly depends on soil type, is considered to be reliable for irrigated areas as well.
Having considered the uncertainty in retrieval model inputs and ground measurement data, it was concluded that the poor retrieval results in irrigated areas was due to either a difference in sensing depth between ground and airborne measurements and/or an error in the modeling of soil roughness. The first hypothesis was to consider the different depths of soil involved in the direct and remote measurements. During or immediately after irrigation, the soil moisture of the first layer sensed by the L-band radiometer (0-3 cm according to [17] ) could be different to the soil moisture of the lower layer (3-6 cm) that instead affects the soil moisture measurements carried out by using 0-6-cm Hydraprobes. This hypothesis is supported by the relatively high correlation (estimated to 0.73) between the bias on retrievals and the 1-km field soil moisture variability [see Fig. 3(a) ]. However, no information on the soil moisture profile in the top 6 cm was available to confirm the link between vertical and horizontal variability. The second hypothesis was to consider an increase of the "dielectric roughness" with the variability of moisture within the soil. To illustrate the possible impact of the soil moisture variability on soil dielectric roughness, parameter H was retrieved in the four irrigated pixels of Y12 by setting soil moisture to ground measurements. Fig. 3(b) shows that the retrieved effective roughness does increase (up to about one) as a function of the 1-km field soil moisture variability with a correlation coefficient estimated to 0.67. 
V. CONCLUSION
The temporal and spatial invariance of the SMOS forward model parameters was assessed at a 1-km resolution on a diurnal basis using the NAFE'06 data. The approach used was to apply the SMOS default parameters uniformly over 27 1-km pixels, retrieve soil moisture from the airborne observations, and then to interpret differences between airborne and ground estimates in terms of land use, parameter variability, and sensing depth. For nonirrigated (grazing and cropping) areas, the rmse on retrievals was 0.03 vol./vol. and the correlation coefficient with ground measurements was 0.85. The impact of soil geometric roughness was noted by correlating the slope of the linear regression between airborne and ground estimates with agricultural practices. A roughness parameter H = 0.1 was found to be appropriate for grazing areas (slope was about one), while a slightly higher roughness was identified for cropping areas (slope was about 0.7). A significant mean difference of −0.09 vol./vol. between airborne and ground estimates was observed in the five irrigated pixels. As no parameter (soil texture, soil geometric roughness, vegetation) could explain this bias, it is suggested that either a strong vertical gradient of near-surface soil moisture in irrigated areas made the 0-6-cm ground measurements generally wetter than the 0-3-cm retrievals and/or the small-scale variability of soil moisture made the effective soil roughness increase up to about one.
